Abstract. It has been proposed that ventricular fibrillation (VF) waves emanate from stable localized sources, often called 'mother rotors'. However, evidence for the existence of these rotors is conflicting. Using a new panoramic optical mapping system that can image nearly the entire ventricular epicardium, we recently excluded epicardial mother rotors as the drivers of Wiggers' stage II VF in the isolated swine heart. Furthermore, we were unable to find evidence that VF requires sustained intramural sources. The present study was designed to test the following hypotheses: (i) VF is driven by a specific region, and (ii) rotors that are long-lived, though not necessarily permanent, are the primary generators of VF wavefronts. Using panoramic optical mapping, we mapped VF wavefronts from six isolated swine hearts. Wavefronts were tracked to characterize their activation pathways and to locate their originating sources. We found that the wavefronts that participate in epicardial re-entry were not confined to a compact region; rather they activated the entire epicardial surface. New wavefronts feeding into the epicardial activation pattern were generated over the majority of the epicardium and almost all of them were associated with rotors or repetitive breakthrough patterns that lasted for less than 2 s. These findings indicate that epicardial wavefronts in this model are generated by many transitory epicardial sources distributed over the entire surface of the heart.
Introduction
During ventricular fibrillation (VF), the myocardium is activated by a multitude of complexly interacting electrical wavefronts. A question that has received considerable recent attention is whether the sources of these wavefronts are short lived and widely distributed [1] , or whether they are generated by one-or possibly a few-persistent localized sources [2] - [4] . The former scenario is the classic multiple wavelet mechanism and the latter is often called the mother rotor mechanism because permanent rotors are the putative driving sources. The distinction between the two broad mechanisms could be important to the design of new anti-VF therapies: if VF is locally driven, it might be possible to terminate it by targeting individual rotors or a limited part of the heart. On the other hand, a distributed mechanism suggests that more global interventions, such as defibrillation shocks, would be more effective.
A rotor is a re-entrant wavefront that pivots about a point at its end. This pivot point, called a phase singularity (PS), is a point at which the wavefront is in contact with its own refractory wake [5, 6] . In a three-dimensional (3D) muscle, the singular point generalizes to a 1D filament that snakes through the tissue [5, 7] . The term PS is often used interchangeably with wavebreak [8] .
In a recent series of experiments, we used a new optical mapping system that can image nearly the entire ventricular epicardium [9, 10] and graph theoretic pattern analysis algorithms [11] to study early VF (∼20 s post-induction) in isolated swine hearts. This time period is important clinically because it corresponds to therapy delivery by implantable defibrillators. We excluded epicardial mother rotors (i.e. stable rotors with filaments intersecting the epicardial surface) as the drivers of VF in this experimental model [10] , and were additionally unable to find any evidence that VF is driven by intramural [12] mother rotors. Nevertheless, approximately 12 epicardial rotors of limited duration were present at any given time. A few of these rotors were relatively long-lived, sometimes lasting for seconds [10] . We further found that re-entry on the epicardium was incessant, even though the re-entry was not organized into persistent rotors [12] . We also observed relatively long-lived (though not generally permanent) breakthrough patterns that were consistent with the presence of intramural rotors [12] .
We reasoned that if VF is not driven by mother rotors, then perhaps it is driven by 'mother regions', i.e. discrete regions that spawn wavefronts that expand outward and activate the remainder of the ventricles. We further reasoned that if permanent rotors are not the primary wavefront generators, then maybe rotors that are not permanent, yet still have very long lives, are. The present study addresses these two questions using new analyses of our previously collected VF data. We find that local regions do not drive VF in this model, and furthermore, that short-lived sources (i.e. epicardial rotors and repetitive breakthrough patterns) generate the great majority of wavefronts.
Methods

Animal preparation and data collection
In this paper, we report further analysis of VF mapping data that were previously collected and partially analyzed [10, 12] . Animal preparation and data collection have been described in detail [10] . Briefly, we studied isolated, perfused hearts from six healthy, young, mixed breed pigs of either sex (weight: 23 ± 4 kg). We studied a total of 17 VF episodes-three from each of five animals and two from the sixth. The hearts were stained with the potentiometric fluorescent dye di-4-ANEPPS. 2,3-Butanedione monoxime (BDM, 20 mmol) was added to the perfusate to prevent the hearts from contracting. VF was induced by touching a 9 V battery to the rightventricular epicardium. We recorded VF patterns using a newly developed panoramic optical mapping system that can map from nearly the entire epicardial surface at ∼1.6 mm spatial resolution and 750 frames s −1 [9, 10] . With this system, fluorescence is excited using 32 highpower light emitting diodes (470 nm) and recorded with four fast CCD video cameras through 590 nm longpass filters. The fluorescence consists of a large background signal upon which are superimposed small fluctuations inversely proportional to the transmembrane potential. The epicardial geometry is reconstructed from a series of images of the heart collected at 5
• increments by a fifth video camera that rotates about the heart. The resulting model is a mesh of approximately equally-sized triangles spaced by ∼1.6 mm (centroid-to-centroid). Background-subtracted fluorescence data from the four high-speed cameras are merged into a single continuous dataset by texture mapping the data on to the epicardial model. The signal associated with each mesh triangle is normalized to the range of 0-100.
Each mapped VF episode was 4 s long. Datasets on the order of 4 s in length are typical in VF research [3, 13, 14] . Although our system can record continuously for minutes, in optical mapping, short runs are advantageous to minimize photodynamic effects such as photobleaching of the potentiometric dye. Our choice of 4 s runs is further justified by our finding that virtually all rotors had lifetimes much less than 4 s [10] , showing that the mapping interval was longer than the lifetimes of the patterns of interest. Recording began approximately 20 s after VF induction, which corresponds to Wigger's stage II VF. This stage of VF is commonly studied in in vivo experiments because it is the stage during which implantable defibrillators deliver 4 therapy, and because experimental subjects without circulatory support will not survive if VF is allowed to continue for significantly longer. Optical mapping studies are often performed with ex vivo hearts that are continuously perfused. In these studies, it is not unusual for mapping to be delayed for several minutes after VF induction [3, 15, 16] .
Wavefront and rotor identification
We processed the VF datasets using recently developed analysis algorithms that identify activation wavefronts and PSs and characterize their interrelationships [11] . Briefly, each normalized fluorescence signal is converted to phase [6] : first, we ensure that all action potentials oscillate about a mean of 0 by subtracting any beat-by-beat linear trends. This detrended signal is then plotted against its integral. Points associated with each temporal sample follow a trajectory that circles the origin of this phase plane. The phase value for each sample is found by converting the phase plane to a polar coordinate system and taking the angular coordinate of the point [11] . A major benefit of the phase representation of a signal is that phase has a unique value as a patch of tissue progresses through an action potential-this is in contrast to transmembrane potential, which has the same value twice during an action potential: once when depolarizing and again when repolarizing. This feature simplifies identification of wavefronts and PSs.
PSs are points surrounded by tissue with all possible phase values [5, 6] . Wavefronts are isolines of the phase value corresponding to the upstroke (−π/2). Wavefronts must either be closed loops, or be terminated in space by PSs or by boundaries [6] . Our previously described algorithms for tracking PSs and wavefronts [11] also identify which wavefronts are associated with specific PSs. It is possible for a rotating wave to switch from one PS to another as it circulates. We call such patterns compound rotors. Our previous publication details our method for identifying them [10] .
The spatial resolution used in this study (∼1.6 mm) has previously been shown to be optimal for characterizing VF patterns [17] . This spatial resolution, together with our temporal resolution of 1.33 ms, can reliably track wavefronts from frame-to-frame as long as the propagation speed at some point along the front is <∼ 120 cm s −1 . This is two to three times the propagation speed we have previously reported in this preparation during VF [18] .
Wavefront graphs
Our algorithms codify the timing of the wavefronts and their interrelationships using a type of directed graph [19] called a wavefront graph [11, 20] . Figure 1 shows a very simple example. In this representation, a wavefront is an arrow. The horizontal positions of an arrow's initial and terminal endpoints specify the wavefront's starting and ending times. The vertical positions are not significant. Wavefronts that are present at the beginning or end of mapping are assigned the starting or ending time of the episode. Wavefront fragmentations and collisions are frequent events during VF. A fragmentation is indicated by a wavefront branching into two (or more) new wavefronts. The terminal endpoint of the original wavefront is connected in the wavefront graph to the initial endpoints of the new wavefronts. Examples from figure 1 are wavefront a fragmenting into wavefronts b and c and wavefront e fragmenting into wavefronts f and g. Conversely, a collision is indicated by two (or more) wavefronts coming together to form a new wavefront. In this case, the terminal endpoints of the original wavefronts are connected to the initial endpoint of the new wavefront. An example is wavefronts c and d combining into wavefront e. More complex events, in which multiple wavefronts come together with multiple new wavefronts emerging, are also possible. Our previous publications contain several additional simple examples of wavefront graphs [11, 12, 20, 21] . A complete wavefront graph derived from 1 s of panoramically mapped VF in the swine heart is given in [12] .
In figure 1 , all of the wavefronts are interconnected; however, this does not have to be the case. Suppose that after the termination of wavefront g, a second cycle of the same activation pattern took place. The two sets of wavefronts (each set containing seven wavefronts and associated with one cycle) would form two independent subgraphs of the overall wavefront graph. Such subgraphs are called components.
Perennial wavefronts
The starting time of a component is the starting time of the earliest wavefront in the component. More than one wavefront may share this starting time. One subset of wavefronts in the component consists of the earliest wavefront(s) and all of their descendents. By descendents, we mean the wavefronts that can be found by tracing forward in time through the wavefront graph. Such wavefronts are found by applying a standard depth-first search algorithm to the wavefront graph. (In a depth-first search, 'descendant' waves are visited before 'sibling' waves; for example, in figure 1 , the depth-first search order starting at a is a-c-e-g-f-b [19] .) Conversely, one or more wavefronts may share the ending time of the component. A second subset of the component's wavefronts consists of these latest wavefront(s) and all of their ancestors. We call wavefronts that are in the intersection of these two subsets perennial wavefronts. The perennial wavefronts of a component are on one of the lines of succession that connect the earliest wavefronts to the latest. In the wavefront graph shown in figure 1, all wavefronts except for d are in the first subset. All wavefronts except for b and f are in the second. Wavefronts a, c, e and g are the perennial wavefronts.
Root wavefronts (RWs)
Because propagating wavefronts will eventually collide with either a boundary or another wavefront and be extinguished, for VF to continue, new wavefronts must continually be produced. From the perspective of epicardial mapping data, these new wavefronts can be 6 generated by successive cycles of epicardial re-entry or appear de novo on the epicardium. In the latter case, the wavefronts could derive either from intramural re-entry or from true foci. We term these new wavefronts RWs because the remaining wavefronts in the overall epicardial activation pattern descend from them. We define two types of RWs: rotor RWs are wavefronts attached to a PS that has a lifetime of at least 200 ms. We use a lower bound on PS lifetime to eliminate very short-lived PSs that are likely due to noise in the optical recordings; PSs lasting longer than 200 ms have completed at least one cycle of re-entry. Breakthrough RWs are wavefronts that appear de novo on the epicardium. RWs are propagating wavefronts, and as such, occupy a finite area of the epicardium that changes from frame-to-frame. However, for some of our analyses, it is useful to assign a single epicardial site to each RW to represent its position. We term these sites root sites. For a rotor RW, the root site is defined as the position of the PS in the last frame of the wavefront; for a breakthrough RW, the root site is defined as the first site identified as a part of the wavefront in its first temporal frame [11] .
Each RW is said to contribute to all of the wavefronts that can be reached from it by tracing forward in time through the wavefront graph. During VF, each wavefront is usually contributed to by many RWs. To determine the set of RWs that contribute to each wavefront, we first create an empty set (i.e. an empty container) of contributing RWs for each wavefront. We then iterate over all RWs in the wavefront graph and for each determine the wavefronts that can be reached from it using a standard depth-first search algorithm [19] . This RW is then added to the contributing RW set of all the wavefronts that were reached. 
Characteristic length (ChL)
In some of our analyses, we are interested in how widely (or narrowly) a set of sites is scattered over the epicardium. We therefore defined a ChL parameter that can be computed for any set of sites in the mesh that makes up an epicardial geometry. A single site is a single triangle in the mesh. ChL is simply an average distance between sites: if the sites are widely scattered, ChL will be larger than if they are narrowly scattered. To compute ChL, we first identify all unique pairs of sites in the set. This is the first site paired with each of the others, the second site paired will all but the first, the third site paired with all but the first and second, and so forth. We then estimate the length of the geodesic line that joins the two sites in each pair. A geodesic line is the shortest line between two points that runs over the surface. Because all triangles in the model are approximately equal in size, the length of a geodesic is approximately equal to the minimum number of triangle-to-triangle steps needed to reach the second site from the first, multiplied by the model's average centroid-to-centroid triangle spacing. This spacing is typically ∼1.6 mm. We find the minimum number of steps between two sites using a standard breadth-first graph search algorithm [19] . In such a search, the first site's three immediate neighbors are examined to see if one of them is the second site. If none of them is, the sites neighboring those three sites are checked next. This process continues-with all sites in a level of neighbors being checked before descending to the next level of neighbors-until the second site is found. Once the inter-site distance for all pairs has been found, ChL is computed as the average distance. Since ChL is a linear dimension, it is a function of both the area and shape of the region spanned by a set of sites. For example, a set of sites uniformly distributed over a rectangle will have a larger ChL than the same sites distributed over a square of the same area. ChL is also a function of the distribution of sites. If sites are concentrated near the center of a region, ChL will be smaller than if the sites were concentrated near the region's perimeter. To illustrate some values of ChL, we computed ChL using: (i) all of the sites in an epicardial model (figure 2(A)); (ii) the sites on one side of a longitudinal cutting plane running approximately through the apex of the same model ( figure 2(B) ); and (iii) the sites on the apical side of a transverse cutting plane approximately midway between apex and base ( figure 2(C) ). These geometries contained 4326, 2387 and 2233 triangles, respectively (because all triangles are similar in size, the surface area of a model is proportional to the number of triangles). The ChL values were 34.04, 26.61 and 22.89 mm, respectively. Note that because of the shape dependence of ChL, the ChLs of the models in panels B and C are not well predicted by their area relative to the model in panel A.
In the above example, ChL was computed using all of the sites in the respective models. However, ChL can also be computed from a subset of the sites. If a sample of sites is randomly drawn from a large set, the ChL of the sample will approximate the ChL of the entire set. To show this, we computed the ChL of sets of sites containing 100, 250, 500, 1000, 2000 or 4000 sites randomly selected from the epicardial model shown in figure 2(A) . We used 10 trials for each set size. By one-way ANOVA, set size had no effect on ChL (P >0.6; figure 3 ).
Results
We studied a total of 17 VF episodes from six animals. An example of the fluorescence data from one VF episode texture mapped on-to the associated epicardial model is available as video 1 in the online supplement to our previous publication [10] . Video 2 from the same paper animates the wavefronts and phase singularities found in this episode. We previously showed that these VF episodes contained 42 841 ± 13 074 wavefronts (range: 18 162-74 215). Furthermore, the wavefront graphs from all 17 VF episodes each contained a dominant component that contained 92 ± 1% of wavefronts and was responsible for 98 ± 1% of site activations. In all cases, the dominant component persisted from the beginning to the end of the mapped interval, indicating that complete re-entrant pathways were continuously present on the epicardium [12] -even though these pathways were not organized as epicardial rotors [10] .
For the present analysis, we identified the set of perennial wavefronts from the dominant component in each VF episode. Figure 4 shows snapshots of wavefronts (isolines of the phase value −π/2) identified by our algorithms [11] . The snapshots are all from the same VF episode and are separated by 1 s. The heart's geometry is displayed with a Hammer map projection so that the entire epicardium can be seen. Perennial wavefronts are cyan, the remaining wavefronts in the dominant component are yellow, and wavefronts from other components are red. At all time points, the perennial wavefronts-the wavefronts that participate in continuous epicardial re-entry-are spread over the entire epicardium. This is more evident in movie 1, which animates this entire episode in the same format. Movie 2 is an additional example from a different heart. Both movies are available from stacks.iop.org/NJP/10/015004/mmedia.
To quantify the epicardial extent of the perennial wavefronts, for each VF episode, we computed how many triangles in the epicardial model that were ever activated by any wavefront were also activated at least once by a perennial wavefront. In all 17 episodes, essentially all sites were activated by the perennial wavefronts (99.87 ± 0.004%).
Of all the wavefronts, 27 ± 4% were RWs (range 22-36%). Rotor RWs were 35 ± 12% of all RWs (range 15-59%). The remaining RWs were breakthrough RWs. As an index of the epicardial span of the RWs, we computed the ChL of the root sites in each episode. We then normalized this ChL by the ChL of all sites in the associated epicardial geometry. If the root sites are a random sample of all of the epicardial sites, then the normalized root site ChL will be close to 1 ( figure 3) . Conversely, if the root sites are clustered in particular regions, the normalized root site ChL will be closer to 0. We found that normalized root site ChL was 0.96 ± 0.04 (range: 0.89-1.01), which indicates that the root sites were scattered over nearly the entire epicardium. Figure 5 shows the distribution of all root sites in one VF episode. The normalized root site ChL in this case was 0.96.
We identified the set of RWs that contributed to each individual wavefront. We then computed the ChL of the root sites for each such set. These quantities were called wavefront ChLs. We found the weighted average of the wavefront ChLs in each episode. For this calculation, the weight was the size of the associated wavefront, where size was defined as the sum of the number of sites the wavefront occupied in each frame. The average wavefront ChL was then normalized by the episode's root site ChL. This quantity was 0.93 ± 0.02 (range: 0.90-0.98). This large value indicates that the RWs contributing to each individual wavefront spanned nearly the same epicardial area as the set of all RWs in the episode.
We classified each rotor RW as arising from a compound rotor [10] that was either shortlived (<2 s, which is half the mapped interval) or long-lived ( 2 s). The fraction of rotor RWs associated with long-lived rotors was only 0.07 ± 0.13 (range: 0.0-0.5). In other words, almost all wavefronts spawned by epicardial rotors came from short-lived rotors. We also identified repetitive breakthrough patterns that lasted for at least 2 s without significant shift of the epicardial breakthrough site [10, 12] . The fraction of breakthrough RWs associated with these long-lasting breakthrough patterns was nearly 0 (0.002 ± 0.003; range 0.0-0.011). Thus, breakthrough wavefronts could arise anywhere on the epicardium at any time without association with long-term repetitive patterns.
Discussion
The question of whether VF is driven by a stable, localized periodic source has been controversial in recent years. The evidence for local drivers is strongest in hearts from small animals [2, 3] , however, investigators from a different laboratory using a very similar experimental preparation were unable to reproduce these findings [15, 22] . One possible explanation for the discrepancy is that the perfusate in the studies that found stable drivers could have had reduced osmolarity, which could have modulated action potential duration through activation of chloride channels, thereby transforming multiple wavelet VF to highlyorganized, locally driven VF [23] . Such VF is sometimes called type II VF and can be induced by interventions that flatten action potential duration restitution and depress excitability [24] . In hearts more comparable in size to human hearts, some investigators have reported evidence for persistent periodic drivers. However, this evidence is indirect [4, 25] or obtained with relatively low spatial resolution [26] . A number of other studies have specifically sought re-entry during VF but have not found clear evidence for mother rotors [14, 21] , [27] - [33] . However, those studies mapped limited regions, admitting the possibility that such drivers were present, but located in an unmapped part of the heart. Both sets of studies employed a mixture of species (sheep, dog and pig), heart preparations (in vivo, isolated perfused), and recording modalities (electrical, optical) indicating that the existence of evidence for mother rotors is not solely a function of experimental model.
To determine if previous failures to find mother rotors were simply the result of looking in the wrong place, we mapped stage II VF in isolated perfused swine hearts using a newly developed panoramic optical mapping system that can image essentially the entire epicardium with ∼1.5 mm spatial resolution. We found that rotors are present in the isolated swine heart preparation with about a dozen whose lifetimes exceed 200 ms being present at any given time. However, although each VF episode had at least one rotor that lasted for 1 s or longer, only one of 17 episodes contained rotors that persisted for the entire 4 s mapped interval. We therefore excluded stable, persistent epicardial rotors as the drivers of VF in this model [10] . In a subsequent paper, using graph theoretic analysis of the same VF datasets, we sought evidence that sources hidden within the heart wall were required to maintain epicardial activation. We were unable to find such evidence, instead finding that re-entrant pathways visible on the epicardium were always present and therefore sufficient to maintain activation [12] .
The lack of evidence for mother rotors in this experimental model led us to ask two related questions for the present study: first, is VF driven by a particular region, even if the region does not necessarily contain a mother rotor? Our data show that the answer is no. We found that the perennial wavefronts-the wavefronts that participate in incessant epicardial re-entry-were not confined to a compact region; rather, they activated the entire epicardium. If VF were driven by a limited region, we would expect to see the perennial wavefronts confined to that region with non-perennial wavefronts spreading outward as predicted by the mother rotor hypothesis [2] . Furthermore, the root sites-the epicardial sites associated with new wavefronts that feed into the epicardial activation pattern-were distributed over nearly the entire epicardium. In addition, the ChL of the root sites associated with individual wavefronts (wavefront ChL) was close to 1, indicating that individual wavefronts descended from RWs distributed over almost all of the epicardium and not solely from localized RWs.
The second question relates to the relative importance of long-lived rotors (and repetitive breakthrough patterns, which are consistent with intramural rotors). Could such sources be the primary generators of wavefronts, even though they are not true mother rotors in the sense that they are not permanent? Again the answer is no. Almost all the RWs, both rotor RWs and breakthrough RWs, were associated with driving patterns less than 2 s in duration (93 ± 0.13% and 99.8 ± 0.3%, respectively).
The picture that emerges from these data is that early VF in this experimental model is driven by a multitude of transient sources distributed throughout the heart. Although long-lived sources are present, they are not the primary wavefront generators. This suggests that new anti-VF treatments designed to target individual rotors or limited parts of the heart may be less effective than more global interventions.
These patterns are broadly consistent with mapping studies of VF in human hearts. Wu et al [34] mapped a limited (32 mm × 38 mm) epicardial region of isolated human hearts explanted from transplant recipients. Nanthakumar et al [35] mapped a similarly sized region of in situ hearts of patients undergoing cardiac surgery. Both studies found that while re-entry was present, it typically lasted for only a few cycles. Nash et al [36] mapped VF patterns in patients undergoing cardiac surgery using 256 electrodes spanning the entire epicardium. They reported that VF at times appeared to be driven by a single rotor, but that this pattern was not persistent and that stable rotors were not the sole drivers of VF. In a similar mapping study of patients with cardiomyopathy, Masse et al [37] found that rotors were present in all hearts studied, but all had limited lifetimes, with the longest in each episode lasting for about 2 s. Overall, VF in human hearts appears to feature larger wavefronts and simpler patterns than VF in swine. This is borne out by a recent whole-heart computer modeling study of human VF that produced VF patterns that were markedly simpler than those typically observed in large animal studies [38] .
Limitations
The study focused on Wiggers' stage II VF in hearts isolated from healthy young pigs. Because activation patterns are known to change as VF proceeds [16, 32] , VF characteristics could be different at different times in VF. VF characteristics may also be different in the presence of pathologies such as ischemia or infarction when fixed heterogeneities may play a more prominent role in VF maintenance [39] . In our study, the hearts were exposed to BDM to 12 eliminate motion artifacts in the optical recordings. We previously found that VF patterns in this preparation are slower and more regular than those in the same hearts before excision [18] . Other authors have found that BDM converts VF to a stable tachycardia in isolated ventricular tissue from dogs [40] and pigs [41] . Evans et al [42] used BDM to stabilize re-entry to create a model of monomorphic ventricular tachycardia in rabbit hearts. Thus, although BDM almost certainly affected VF patterns, it is likely that in the absence of BDM, VF wavefront sources would have been even more unstable and transitory than what we observed.
